Background: Dietary iron absorption from a meal is determined by iron status, heme-and nonheme-iron contents, and amounts of various dietary factors that influence iron absorption. Limited information is available about the net effect of these factors. Objective: The objective was to develop an algorithm for predicting the effects of factors known to influence heme-and nonheme-iron absorption from meals and diets. Design: The basis for the algorithm was the absorption of iron from a wheat roll (22.1 ± 0.18%) containing no known inhibitors or enhancers of iron absorption and adjusted to a reference dose absorption of 40%. This basal absorption was multiplied by the expected effect of different amounts of dietary factors known to influence iron absorption: phytate, polyphenols, ascorbic acid, meat, fish and seafood, calcium, egg, soy protein, and alcohol. For each factor, an equation describing the dose-effect relation was developed. Special considerations were made for interactions between individual factors. Results: Good agreement was seen when measurements of iron absorption from 24 complete meals were compared with results from use of the algorithm (r 2 = 0.987) and when mean iron absorption in 31 subjects served a varied whole diet labeled with heme-and nonheme-iron tracers over a period of 5 d was compared with the mean total iron absorption calculated by using the algorithm (P = 0.958). Conclusions: This algorithm has several applications. It can be used to predict iron absorption from various diets, to estimate the effects expected by dietary modification, and to translate physiologic into dietary iron requirements from different types of diets.
INTRODUCTION
Knowledge about the absorption of iron from the diet and about factors influencing absorption has increased considerably since the extrinsic tag was introduced to label dietary iron in meals (1, 2) . The amount of iron absorbed from a meal is determined by iron status, the content of heme and nonheme iron, and the bioavailability of the 2 kinds of iron, which in turn is determined by the balance between dietary factors enhancing and inhibiting the absorption of iron, especially nonheme iron (3) . It is well known that the variation in dietary iron absorption from meals is due more to differences in the bioavailability of the iron, which can lead to a > 10-fold variation in iron absorption, than to a variation in iron content.
Therefore, several attempts have been made to devise algorithms to estimate the bioavailability of the dietary iron content of meals. The aim of the first attempt was to illustrate the fact that the composition of meals greatly influences the absorption of dietary nonheme iron (4) . Later, attempts were made to improve the algorithm (5, 6) . A simpler method using a score system to estimate the expected bioavailability of dietary nonheme iron was also suggested (7) . In this model, factors inhibiting iron absorption were also considered.
Several dietary factors (eg, ascorbic acid, meat, fish, and poultry) enhance iron absorption, whereas other factors [eg, inositol phosphates (phytate), calcium, and certain structures in polyphenols] inhibit iron absorption. In the present study, we analyzed the dose-response relation between amounts of these factors and their effects on nonheme-iron absorption. All of these factors must be considered in an algorithm to predict the amount of iron absorbed from a meal. For almost all of the factors, it has been possible to develop continuous functions related to the amounts of each in the meal. Moreover, interactions between different factors have been examined and considered.
The hypothesis tested in the present algorithm was that the bioavailability of iron in a meal is a product of all factors present in the meal that inhibit or enhance iron absorption. A starting point for the present work was to find a food or meal that contained no known inhibiting or enhancing components and then use this food Prediction of dietary iron absorption: an algorithm for calculating absorption and bioavailability of dietary iron [1] [2] [3] as a basis for evaluating the effects of different factors added in different amounts. For many years we used, as a control, wheat rolls made of low-extraction wheat flour and fermented to such an extent that no inositol phosphates could be detected. Various factors to be tested were added in different amounts to such rolls and iron absorption was measured from the rolls, when served with or without a specific factor in known and various amounts, after the rolls were labeled with 2 different radioiron isotopes. Iron status in each fasted subject was measured by using the absorption from a standard reference dose of ferrous iron to describe the iron status of the individuals studied. The reference dose was introduced by Layrisse et al (8) and the entire procedure was described in detail (9) . Iron absorption can also be related to log serum ferritin as suggested by Cook et al (10) .
Numerous studies on factors influencing the bioavailability of dietary iron have been published by several research groups (discussed below), in addition to the studies by our group. It has only been possible, however, to use some of the data from their studies. This is true also for some of the older data from our laboratory. The reason is simply that there is a lack of information about the content of phytate and sometimes that of polyphenols in the meals studied.
METHODS
The method used to predict dietary iron absorption is based on an algorithm containing the value for iron absorption (relative to 40% of the absorption of the reference dose of iron) from a single basal meal ([low-extraction (40%) wheat flour] that contained no components known to inhibit or enhance iron absorption. This basal value was then multiplied by factors expressing the effect of different dietary components present in the meal known to influence iron absorption: phytate, polyphenols, soy protein, calcium, eggs, ascorbic acid, meat (including fish and seafood), and alcohol. For each factor, an equation was derived that also considered interactions between components in the meal.
Iron absorption from a basal meal
The basal meal was composed of wheat rolls served with margarine and water on 2 mornings while subjects were in a fasting state. The rolls were made of a special low-extraction (40%) wheat flour and the dough was fermented for 2 periods (30 + 10 min) to ensure that no inositol phosphates could be detected with a sensitive method (11) . The iron content of the rolls was adjusted to 4.1 mg by adding ferrous sulfate to the dough. The rolls were labeled with an extrinsic radioiron tracer. Iron absorption was measured as described previously (9, 12) .
The rolls were included in different studies of factors influencing iron absorption. Rolls were served with and without a factor to be studied in specific amounts and were labeled with 2 different radioiron isotopes (13) (14) (15) . Iron absorption from these rolls was measured in 310 subjects (194 female and 116 male volunteers). In each subject, iron absorption from a reference dose containing 3 mg Fe as ferrous sulfate, given while subjects were in a fasting state on 2 consecutive mornings, was also measured. All absorption values were adjusted to correspond to an absorption of 40% from the reference dose. Thus, absorption measurements from the same meal could be pooled from different groups of subjects with different iron statuses. The mean (± SEM) absorption of iron from the rolls in all studies, adjusted to a 40% reference dose absorption, was 22.1 ± 0.18%.
Effect of phytate and other inositol phosphates
The effect of different amounts of phytate on iron absorption was examined when wheat rolls were served with and without different amounts of added sodium phytate. Seven groups of subjects (n = 63) were studied and the added phosphorus as phytate (phytate-P) varied from 2 to 250 mg (14) . A similar study was performed in another laboratory in which the basal wheat rolls contained 10 mg phytate-P (n = 57). Four different amounts of phytate-P (14-58 mg) were added (16) . Because the effect of 10 mg phytate-P was examined in the previous study, it was possible to recalculate the effect of the added phytate-P. The effect of phytate was similar in the 2 studies. When the data from the 2 studies were pooled, the following relation was found:
Log absorption ratio (with/without phytate) = Ϫ0.30 ϫ log (1 + phytate-P)
where phytate-P is in milligrams. The correlation coefficient was r 2 = 0.926 (n = 120). Antilog of the log absorption ratio thus constitutes the phytate factor.
When the content of phytate-P in bread is determined, some of the inositol phosphates are present in forms with a fewer number of phosphate groups than the 6 groups present in phytate. In a previous study we found that the total number of phosphate groups bound to inositol, present in a bread, determines the degree of inhibition (11) . This implies that the total inhibitory effect of inositol phosphates is better expressed as the number of phosphate groups bound to inositol than as moles of inositol. (Conversion factor: 1 mg phytate-P = 3.53 mg phytic acid = 5.56 mol phytic acid.)
Effect of ascorbic acid
Ascorbic acid is a strong promoter of iron absorption, as shown in several studies (see reference 16 for a review). In an extensive study by Cook and Monsen (17) in 1977 in which 6 different amounts of ascorbic acid (25-1000 mg) were added to a semisynthetic meal, a strong relation was seen between log amounts of ascorbic acid and the log absorption ratio (r 2 = 0.958; n = 25). The counteracting effect of ascorbic acid on phytate and polyphenols was also reported by other groups (18) . In the study by Cook and Monsen, it was not mentioned whether an inhibitor was present in the control meals, which showed a very low absorption of iron (Ϸ0.75%). The enhancing effect of ascorbic acid is more marked in the presence of phytate or iron-binding polyphenols. In subsequent studies from the same group using the same liquid formula, it was noted that vanilla extract had been added to the formula, probably to improve the taste (19, 20) . Recent analyses in our laboratory indicate that vanilla extracts contain appreciable amounts of iron binding polyphenols (Appendix A). This fact might explain the marked effect of ascorbic acid in Cook and Monsen's (17) comprehensive study. Addition of 100 mg ascorbic acid to the semisynthetic liquid formula increased iron absorption 4.14 times, whereas addition of the same amount of ascorbic acid to a so-called standard meal containing meat, potatoes, and milk increased iron absorption by only 67%. In another study from the same group, addition of 100 mg ascorbic acid to another but similar liquid formula containing 85 mg phytate-P increased iron absorption 3.14 times (20) .
These findings suggest that the ability of ascorbic acid to reduce iron and thus to prevent the formation of less-soluble ferric compounds is probably an important mechanism of action for the absorption-promoting effect of ascorbic acid. An enhancing effect of ascorbic acid on iron absorption, however, was also seen in the absence of phytate and polyphenols. Addition of 50 mg ascorbic acid, for example, to wheat rolls with no detectable phytate increased mean iron absorption from 22.4% to 37.6% (14) .
These facts are taken into account in an algorithm describing the expected effect of ascorbic acid in the presence of phytate. The algorithm was calculated as follows:
1) Even in the absence of inhibitors, ascorbic acid increases iron absorption in a dose-dependent way: absorption ratio = (1 + 0.01) ϫ ascorbic acid (in mg).
2) The more phytate that is present, the greater the effect of ascorbic acid. Linear relations were seen between the absorption ratio (with and without ascorbic acid) and log phytate-P. 
where AA is mg ascorbic acid and is mg in the meal. This equation is based on studies in 240 subjects in 24 studies. The enhancing effect of ascorbic acid was the same in meals with and without calcium and the same in meals with and without meat. These observations suggest that the mechanisms of action on iron absorption are different for ascorbic acid, meat, and calcium.
Effect of polyphenols
In earlier studies it was shown that tea inhibits the absorption of non-heme iron (21) (22) (23) . Similarly, coffee (22) (23) (24) and red wines (25, 26) were reported to inhibit iron absorption. This inhibition was considered to be due to polyphenols present in these beverages. Addition of tannic acid to a meal was shown to reduce iron absorption (27) . Further studies showed that gallic acid and tannic acid had identical inhibitory effects on iron absorption and identical iron binding properties (13) . Galloyl groups with their 3 adjacent hydroxyl groups were found to be the main, common structure in polyphenols binding iron, probably by a direct chemical binding, especially of ferric iron, and presumably through the formation of chelates.
The strong binding of ferric iron to galloyl groups explains the counteracting effect of ascorbic acid on the inhibition of iron absorption by phenolic compounds. Iron binding polyphenols are widespread in foods because they occur naturally in a variety of cereals, vegetables, and spices, and in many beverages such as wine, coffee, and tea (13, 28) . A chemical method for specifically determining galloyl groups has been designed (29) .
The inhibition of iron absorption by coffee is explained mainly by its content of chlorogenic acid. The binding of iron to this compound is less strong than the binding of iron to galloyl groups. The relative inhibition by equimolar amounts of gallic acid and chlorogenic acid was found to be 1.6:1 (13) . In Appendix A, tannic acid equivalents, chlorogenic acid, and total tannic acid equivalents (the sum of tannic acid and the amount of chlorogenic acid divided by 1.6) in various foods are reported.
Effect on iron absorption of the contents of polyphenols, ascorbic acid, and meat in meals
In calculating the effect of tannic acid on iron absorption it was necessary to consider both the amount of galloyl groups and the amount of ascorbic acid present in a meal. In studies in which different known amounts of tannic acid were added to a wheat roll (range: 5-200 mg), a linear relation was observed when the log absorption ratio was plotted (absorption with/without tannic acid) against the log amounts of tannic acid added to the rolls (13) . The following equation (r 2 = 0.978 for the mean values) was based on measurements in 59 subjects:
Log absorption ratio = 0.4515 Ϫ 0.715 ϫ log tannic acid (in mg)
The slope of this regression line (Ϫ0.715) changed when different amounts of ascorbic acid were added. The regression lines for different amounts of ascorbic acid converged to the point log absorption ratio (0.4515) and log tannic acid (0). The effect of ascorbic acid on the inhibition of iron absorption by tannins was reported in 2 studies (18, 30) . Moreover, in developing the equations we also used recent unpublished data from our laboratory on the effect of ascorbic acid on the inhibition by phenolic compounds. Two studies of the effect of meat on the inhibition by tannic acid were conducted (n = 20 each). Other studies also showed that Ϸ100 g meat reduced the inhibition by tannic acid by half (24) . The effect of meat on the inhibition by polyphenols is also included in the equation below.
The effect of polyphenols on iron absorption is expressed in the following equation, in which the amounts of tannic acid equivalents (TA; in mg), ascorbic acid (AA; in mg), and meat or fish (M; in g) in the meal are considered:
The absorption ratio should be ≤ 1 and corrected to 1 if it is not.
Effect of coffee and tea
Coffee and tea are widely consumed as beverages with meals or directly after meals. These beverages have a high content of phenolic compounds and have been shown to strongly inhibit the absorption of nonheme iron (13, 21, 22, 24) . A cup of tea (Ϸ200 mL) reduces iron absorption by Ϸ75-80%. Variations in the results of different studies are probably related to the different amounts of phenolic compounds in the tea resulting from differences in the amounts, brands, and steeping time of teas used. A cup of coffee (Ϸ150 mL) reduces iron absorption by Ϸ60%. When tea or coffee was served with a meal containing Ϸ100 g meat, the inhibition of iron absorption was reduced by 50% (24) . This agrees with the first part of equation 4 above (eg, when M = 100 g, 1 + 0.01M = 2.0).
On the basis of its content of phenolic compounds, coffee is expected to reduce iron absorption even more than was observed. It is well known that coffee stimulates the gastric secretion of hydrochloric acid, which may explain the lower than expected effect. We tested this possibility by measuring the inhibition of iron absorption by coffee in patients with pentagastrin-proven achlorhydria and found that in these patients the inhibitory effect was twice as high (absorption ratio: 0.19 compared with 0.39) as that in healthy subjects and corresponded to the content of phenolic compounds in coffee (L Hulthén, L Hallberg, A Killander, unpublished observations, 1995).
To circumvent the problem encountered when the algorithm was applied to coffee and tea, because of variations in the content of iron binding polyphenols and different extraction times of the beverages, we used a factor of 15 mg tannic acid equivalents for one cup of regular coffee and 30 mg tannic acid equivalents for one cup of tea. These values apply to beverages consumed with a meal or up to a few hours after a meal (24) . We are aware that strong coffee may reduce iron absorption even further (eg, 50 mg tannic acid equivalents gives a tannic acid factor of 0.17) and that other strengths of tea or other kinds of tea may reduce iron absorption even more. We found for a common green tea, for example, a tannic acid factor of 0.17 (Appendix A)-a reduction in iron absorption of 83%.
Effect of calcium
A strong dose-effect relation between the amount of calcium in a meal and the reduction in nonheme-iron absorption has been observed (15) . The relative reduction of iron absorption was the same for the same amount of calcium given as a calcium salt, milk, or cheese. No inhibition was seen when the amount of calcium in a meal was < 50 mg (10 mg native and 40 mg added Ca) and the inhibition was maximal at a content of Ϸ300-600 mg. Moreover, calcium also inhibited the absorption of heme iron similarly (31) , suggesting a common step in the transport of these 2 kinds of iron; therefore, the effect was not located in the intestinal lumen but within the mucosal cell. The observed relation between the absorption ratio (absorption with/without calcium) and the amount of calcium in a meal had a clear sigmoid curve, suggesting one-site competitive binding at a receptor (Figure 1) . Such a step may be located in the active transport pathway for calcium (32) 
where Ca is the calcium content in the meal (in mg). The calculations are based on the computer program GRAPHPAD PRISM (version 2.0; Intuitive Software for Science, San Diego). Iron absorption increased after the addition of ascorbic acid to a meal containing calcium (33); however, the relative increase was the same as would have occurred had no calcium been present.
Effect of meat, poultry, and fish and seafood
Several studies have shown that meat, poultry, and fish and other seafood increase the absorption of nonheme iron. It was first noted by Layrisse et al (34) . For a review, see reference 3. Despite numerous studies of the effect of meat on iron absorption by several groups, there is still insufficient information about the magnitude of the effect of meat in different types of meals and the possible mechanisms for the absorption-promoting effect of meat and fish.
In developing an algorithm for the effect of meat and fish on iron absorption, results from several absorption studies were pooled. The effect was measured as the absorption ratio when meals were served with and without meat or fish (19, 20, (35) (36) (37) .The effect of meat was calculated in the following steps. In the first step, the effect of meat was measured in meals not containing phytate. The relation between the amount of meat and the absorption ratio (r 2 = 0.899) was examined in 135 subjects from 15 studies.
Absorption ratio = 1 + 0.00628 ϫ amount of meat and fish (in g) (6) In the second step, we analyzed the effect of phytate on the slope of this relation. In 10 studies in which meat with different amounts of phytate was served, we found that the factor influencing the slope in the first relation could be expressed as (1 + 0.006) ϫ amount of phytate-P (in mg); r 2 = 0.877. The final meat factor obtained was thus as follows:
Absorption ratio (with/without meat) = 1 + 0.00628 ϫ M ϫ [1 + 0.006 phytate-P (in mg)] (7) where M is meat, fish, and seafood expressed as grams of uncooked food. According to the previous model of Monsen and Balintfy (5), 1.3 g raw weight is equivalent to 1.0 g cooked weight of meat, poultry, and fish.
Several investigators examined the effect of both meat and fish but direct comparisons have not been reported. The balance of evidence suggests that meat and fish are interchangeable in this equation. Meat has the clear nutritional advantage because it also provides considerable amounts of heme iron.
Effect of soy protein
In several studies it was observed that soy protein reduced the fraction of iron absorbed from a meal (38, 39) . The high content of phytate in soy products led the researchers to suspect that the inhibition by soy might be related to phytate. Reduction of the phytate content by repeated washings with acidic solutions, however, did not totally abolish the inhibition (39, 40) .
In a recent comprehensive study in which almost all of the phytate in soy was removed by enzymatic degradation with a phytase, however, the inhibition by soy proteins was markedly reduced (41) . Four groups of subjects were studied (n = 32). Iron absorption was measured from semisynthetic meals, each containing 30 g protein as soybean-protein isolates or egg white as a control. A significant inhibitory effect on iron absorption by soy protein remained. The egg white contained 96 mg Ca/meal compared with 19.2, 27.4, and 44 mg Ca/meal in the soybeanprotein isolates. It can be estimated from Equation 5 that the higher calcium content in the control meals would reduce iron absorption by 25%. The average absorption ratio of iron from the soy meals and the control meals was 0.33 after correction for the higher calcium content in the control meals. The inhibitory effect on iron absorption per gram of soy protein (x) would thus be as follows: 1 Ϫ 30x = 0.33. Solving the equation gives x = 0.022 and the soy-factor absorption ratio would thus be as follows:
Absorption ratio = 1Ϫ 0.022 ϫ soy protein (in g) (8) This equation is valid up to Ϸ20 g soy protein.
For a hamburger that might contain a commercial soy-protein isolate containing phytate, it is necessary to consider in the algorithm the amounts of pure meat, soy protein, and phytate-P present in the hamburger.
Effect of eggs
In an early study of the effect of eggs on iron absorption in 28 humans, white-wheat bread was given with eggs together with coffee or tea (42) . A reference dose (5 mg Fe) was also given in this study. It is possible to estimate iron absorption from this meal corresponding to a reference dose absorption of 40%. About 16% could be estimated to have been absorbed had tea or coffee not been fed. Relating this absorption to 22.1% absorption from the basal wheat-roll meal (see above) at the same iron status, the egg factor would be 16/22 = 0.73, ie, a reduction in iron absorption of 27%.
In our studies of iron absorption from different breakfast meals, the introduction of a boiled egg reduced the absorption by 28%, from 9.3% to 7.6% in 12 subjects (43) . In one of the studies by Cook and Monsen (35) , powdered eggs were fed to 10 subjects in an amount corresponding to 2.9 eggs, each weighing 60 g. When eggs are substituted for other proteins in a standard meal, the absorption ratio with or without eggs was reduced to 0.22 (a reduction of 78%). For one egg this corresponds to a reduction of 27% (0.78/2.9 = 0.27). The results on the inhibiting effects of eggs by different groups are thus astonishingly consistent. The effect of eggs has been studied in a total of 50 subjects.
When the data were pooled assuming a proportional inhibition of iron absorption to the amount of eggs included in a meal, the following equation was derived:
Absorption ratio = 1Ϫ 0.27 ϫ number of eggs (9) The number of eggs can also be expressed as grams (one egg = 60 g). Equation 9 is valid only for ≤ 3 eggs/meal. Check that the absorption ratio for eggs is not < 0.2 (equivalent to the inhibition by 3 eggs).
Effect of alcohol
Studies in humans have shown that alcohol increases the absorption of ferric but not of ferrous iron (44) . This increase has been attributed to an enhancement of gastric acid secretion. In a study serving a hamburger meal with or without 23.8 g alcohol (as a 40% solution), a statistically significant 23% increase in iron absorption was seen when alcohol was given with the meals (23) . When the same meal was served with red wine, no significant increase was seen, possibly because of the simultaneous inhibiting effect of iron binding polyphenols present in red wine. In a study of the effect of different wines on iron absorption, a dinner roll was served with or without different wines, some of which had a markedly reduced alcohol content because of vacuum distillation (26) . Adjustment for differences in iron status made it possible to make 4 pairwise comparisons of iron absorption from meals served with the same type of wine but with different alcohol contents (low or high). The mean absorption ratio between the meal with the low-alcohol compared with the high-alcohol content was 1.33 ± 0.14 (P = 0.039). The amount of alcohol served with the rolls was 12.6 g, which was about half the amount served with the hamburger meals mentioned above (23) . Assuming that the effect of alcohol is related to stimulation of gastric acid secretion, it is possible that with a meal containing meat, more acid is formed than when a bread roll is served. The further stimulation of gastric secretion by alcohol may thus be lower from a full meal than from the meal containing only a roll. The studies strongly indicate, however, that alcohol also enhances iron absorption from composite meals (23) . After careful consideration, we provisionally decided to use a single factor of 1.25 for the stimulation of iron absorption by alcohol. We also provisionally decided to use this factor for meals consumed together with, for example, 1-2 glasses of wine or 1-2 alcoholic beverages. The inhibitory effect of red wine on iron absorption, related to the content of iron binding polyphenols, should be considered separately in the calculation of the tannic acid factor.
Effect of other factors
It is reasonable to assume that there are other factors in meals influencing iron absorption that have not been considered in the present algorithm. For example, some soy sauces may enhance iron absorption (45) , whereas some flavonoids, especially myricetin, may inhibit iron absorption. Myricetin has a molecular structure similar to that of the galloyl group in polyphenols, which we know inhibits iron absorption via chelation with ferric iron. In our food analyses, we based the inhibiting effect of polyphenols on the content of such groups. Flavonoids with a similar structure may therefore be expected to have the same inhibitory effect on iron absorption (13, 29) .
Formula for log heme-iron absorption and the computer program

Iron absorption from single meals
The formula is the product of the basal factor 22.1 multiplied by one or more of the 8 dietary factors present in each meal: the phytate factor, the ascorbic acid factor, the polyphenol factor (or, tannic acid factor), the calcium factor, the meat factor, the soyprotein factor, the egg factor, and the alcohol factor. The value obtained is thus the percentage absorption of the nonheme iron present in a meal at an iron status corresponding to a reference dose absorption of 40%. The percentage absorption of heme iron was adjusted to the same iron status by using a formula presented in a previous study (46) .
Log heme-iron absorption (%) = 1.9897 Ϫ 0.3092 ϫ log serum ferritin (10) Heme-iron absorption is then corrected for the content of calcium in the meal by using the same calcium factor as used for nonheme-iron absorption (see above) (31) .
To obtain the amount of iron absorbed from a meal, the percentage absorption of nonheme and heme iron have to be multiplied by the amounts of the 2 kinds of iron present in the meal. For nonheme iron it is important to consider any fortification iron present in the meal and to what extent this iron is potentially bioavailable. Similarly, if food components are contaminated with iron (eg, from soil), the fraction of such iron that is potentially absorbable (or, exchangeable with an extrinsic radioiron tracer) should be considered. A method is available to quantify this fraction (47) . In Appendix A, the fraction of heme iron present in different kinds of meat and meat products is provided.
Iron absorption from the whole diet
The amount of iron absorbed from the whole diet is obtained by summing the amounts of iron absorbed from all the single meals and snacks for a certain period of time, eg, a single day or several days. Potential interference between meals is discussed below.
Use of computer programs for the calculations
We used Microsoft's EXCEL program (Redmond, WA) for the calculations. To avoid problems with calculating some of the factors based on logarithmic functions, we used a value of 1 in equations 1, 3, 4, and 7. In equation 4, an absorption ratio > 1 had to be changed to 1.
Validation studies
The validity of the present algorithm was examined in 2 ways. In study 1, the observed absorption of nonheme iron from 24 single meals in 3 previous studies (43, 48, 49) was compared with the absorption values estimated by using the algorithm. These 3 studies were performed > 15 y ago. At that time, no sufficiently sensitive method for measuring small amounts of phytate and no specific method for measuring iron binding polyphenols was available. At the time of the studies, for example, we were not aware of the rather high contribution of phytate from potatoes in many meals (200 g potato contains 14 mg phytate-P) or of the fact that commercial products for making mashed potatoes also contained appreciable amounts of calcium from dried milk powder. Similarly, the content of polyphenols in different vegetables, spices, and beverages was not known, nor were the effects of polyphenols on iron absorption. New analyses had to be performed to estimate the probable contents of phytate, polyphenols, ascorbic acid, and calcium in the meals. The variation in contents of iron and energy and amounts of nonheme iron absorbed from the 24 meals are provided in Table 1 .
In study 2, a comparison was made between the estimated total amount of iron absorbed by using the algorithm in 31 men served 4 different meals for 5 d and the actual total iron absorption measured in these men by using 2 radioiron tracers. One tracer was given as intrinsically labeled radioiron to label hemoglobin and the other as inorganic iron to label nonheme iron. All meals were labeled with the 2 tracers to ensure a homogenous specific activity of both nonheme and heme iron in all meals. The total absorption of heme and nonheme iron was determined by using a whole-body counter to determine 59 Fe and a blood sample to analyze the ratio of 55 Fe to 59 Fe. The method used and the menus given were described in detail previously (46, 50, 51) .
RESULTS
Study 1
The result of the comparison of observed and calculated nonheme-iron absorption is shown in Figure 2 . The main finding was the remarkably good agreement between observed and estimated nonheme absorption. The observed mean (± SEM) percentage absorption of nonheme iron in the 24 meals was 12.91 ± 1.84% and the corresponding value for the absorption calculated by using the algorithm was 13.33 ± 1.95%. There was no significant difference between the mean values. The correlation coefficient was high and the slope of the regression line was not significantly different from the line of equality. We also made the interesting observation that minor food components, such as a correct amount of calcium (cheese, vegetables, and milk) or a correct value for phytate content had a marked effect on the absorption calculated. The same was true for the amount of ascorbic acid served. Detailed knowledge of meal composition is thus essential to achieve reasonably good estimates of the iron absorption by using the algorithm. The average compositions of the 24 meals in studies 1 and 2 are shown in Table 2 .
Study 2
The calculated iron absorption from the 20 different meals varied considerably between meals and days as shown in Table 3 . The composition of these meals was also described in detail previously (51) . Among the 31 men, there were 4 patterns in the choice of beverages (coffea, tea, and water) with the breakfast meals and the evening snacks; therefore, analyses were conducted separately in these 4 groups.
With the algorithm, the absorption of heme and nonheme iron from each meal was calculated separately and summed for the whole period. Nonheme-iron absorption in each subject was that expected at an iron status corresponding to a reference dose of 40%. For each individual, nonheme-iron absorption was then adjusted to the individual serum ferritin concentration and body weight according to equation 11 (see below). The individual amounts of heme-iron absorption expected were calculated by using equation 10. The calculated total amounts of iron absorbed in the 31 subjects were then obtained by adding the amounts of heme-and nonheme-iron absorption calculated in all meals. These figures were then compared with the actual absorption obtained when total iron absorption was measured directly. It was thus possible to compare the observed amounts of iron absorbed with the amounts estimated by using the algorithm ( Table 4 ). The mean total iron absorption obtained with the 2 methods was not statistically different on the basis of a t test; the difference between the means with both methods was only 0.06 mg (or 3.4%) and was not statistically significant (t = Ϫ0.588, P = 0.561).
Application of the algorithm for different levels of iron status
The present calculations are based on absorption values adjusted to a reference dose absorption of 40%. Because the relation between reference dose absorption and log serum ferritin is known, it is possible to convert the algorithm to any iron status (Appendix A).
Iron absorption (mg) = iron absorption (alg mg)
where iron absorption (alg mg) is the absorption calculated (mg) by using the algorithm, ie, at a reference dose absorption of 40%, and SF is serum ferritin.
DISCUSSION
It has been nearly 20 y since the first simple algorithm for estimating iron absorption was published (4). Since then, much new knowledge has accumulated about dietary iron absorption, as emphasized in a recent review (52) . It is thus probable that new information will lead to modifications of the present algorithm. Instead of waiting for the "final version," we developed an algorithm based on as much present knowledge as possible and we think the present algorithm has many practical applications.
Note that the method of measuring iron absorption from the whole diet with tracers has been validated. In each subject, a comparison was made between the absorption measured and iron requirements. In men, requirements were calculated from body weight and in women from body weight and measured menstrual losses of iron (53) . The comparison in study 1 clearly showed that iron absorption estimated with the algorithm agreed well with measured iron absorption.
Nonheme-iron absorption was estimated for the 24 meals in study 1 by using the 2 previously published algorithms, in which effects of both enhancers and inhibitors were included. In the earliest study (7) , there was a significant relation between observed and estimated absorption (r 2 = 0.192, P = 0.032). There was also a significant relation between observed and estimated nonheme-iron absorption (r 2 = 0.256, P = 0.0116) when a more recent algorithm was used (6) . These correlation coefficients are thus considerably lower than that obtained with the present algorithm (r 2 = 0.987) for estimated and observed nonheme-iron absorption. Probable reasons are that, in contrast with the 2 previous algorithms mentioned, the present algorithm 1) is based on continuous variables for content of enhancers and inhibitors, 2) takes into consideration interactions between factors, and 3) includes more factors. In study 2, the same mean heme-and nonheme-iron absorption values were seen despite the expected markedly varying bioavailability of iron in the 20 different meals included (Table 3) . An important difference between the 2 validation studies was that each absorption value in study 1 was the mean of 10 subjects (observed and calculated by using the algorithm; Table 1 ), whereas each absorption value in study 2 was the mean of 31 subjects measured over 5 d (Table 4 ). In study 1 the slope of the regression line did not differ from the identity line and there were no statistically significant differences between observed absorption and absorption estimated by using the algorithm at the same iron status. In study 2, the total amounts of observed and calculated (algorithm) iron absorbed from the whole diet were not significantly different after adjustment to the same iron status (Table 4) .
Effect of meal size and iron content of meals
It may seem obvious that the size of a meal should be taken into account in an algorithm for estimating iron absorption. A certain amount of ascorbic acid, for example, should be expected to have a greater effect in a small meal than in a large meal because the concentration would be higher in the small meal. Meal size, however, is an ambiguous concept because it can be interpreted in terms of volume, weight, or content of energy or iron. The concentration of a nutrient may also be influenced by the amount of beverage consumed with the meal. Another factor that can influence absorption is the rate of gastric emptying and, in turn, the volume of the meal and its fat content. Meal size as well as body size can influence the absorption of iron from a specific meal; however, we did not observe either in our adult volunteers.
There was almost a 4-fold variation in the content of both energy and iron and a 3-fold variation in nutrient density (nonheme iron/energy) in the meals in study 1 (Table 1) . Despite these variations, the relation between calculated and observed absorption was more similar than we had expected. Thus, the balance of evidence indicates that meal size per se had no major systematic effect on the validity of the algorithm. The algorithm may need modification when used in infants and small children. In a recent study, however, direct comparison of iron absorption from a formula given to adults and infants showed no difference in absorption (54) . Moreover, a 3-fold increase in meal size (and iron content) in adults did not change fractional iron absorption (54) . It is thus reasonable to assume that the algorithm will also be useful in infants. A linear relation was observed between log amounts of iron administered and log amounts of iron absorbed (see references 55 and 56 for a review). Most of these studies used therapeutic doses of iron or pure iron solutions; iron given with food seems to behave differently. In one of our early studies, we found that the percentage iron absorption from a meal was the same despite an almost 5-fold difference in iron content (57) . This result is thus compatible with the results mentioned above (54) , probably because the concentration of iron in the gastrointestinal lumen is many times lower when a certain amount of iron is present in a meal than when the iron is provided as a salt without food.
Iron absorption from single meals compared with that from the whole diet
To estimate iron absorption from the whole diet, absorption measurements from all the single meals consumed over a certain time period are summed. Almost all studies of factors influencing iron absorption are based on single meals served in a fasting state, with and without a factor to be studied given in different amounts. Note that direct measurements have shown that a preceding meal has no effect on the absorption of iron from a subsequent meal. In studies of 4 diets, it was shown that iron absorption from a meal served in the morning after an overnight fast was the same as that from a meal eaten during the day at lunch or supper (58) . Similarly, we found that iron absorption was the same from a hamburger meal served in the morning or after breakfast (with or without added calcium) 2 or 4 h earlier (59) .
It has been suggested that the variation in iron absorption from single meals under laboratory conditions would exaggerate the variation in iron absorption from the whole diet (7). The variation in iron absorption between single meals of different compositions may be much greater than the variation in iron absorption from whole diets composed of several single meals. The iron content and bioavailability of single meals varies markedly, whereas iron absorption from whole diets is the mean absorption of several single meals. The expected lower variation in iron absorption from the whole diet than from single meals was documented previously (7) and in the 3 studies of iron absorption from whole diets in our laboratory (46, 50, 51) .
Some investigators seem to have misinterpreted these results and assumed that the absorption of iron from single meals per se, for some unknown reason, would be falsely high or low. The present result that the sum of the calculated iron absorption from 4 different meals served for 5 d (ie, 20 meals in 31 men for a total of 620 meals) did not differ significantly from that obtained from meals in which heme and nonheme iron were homogenously labeled with 2 different tracers, clearly indicates the validity of basing total dietary iron absorption on the sum of iron absorption from single meals. This issue was also discussed in our previous review (53) .
Some applications of the algorithm
The algorithm can be used to evaluate the nutritional value of meals with respect to iron, for example, in school-lunch programs, in catering programs for the elderly, and for military services. The algorithm may be used to translate data from dietary surveys into amounts of iron expected to be absorbed. The main requirement for such calculations is that detailed information is available about the meal composition and its variation over a representative and sufficiently long period of time. A 7-d record, for example, may not represent the iron absorption from the habitual diet.
The algorithm can be used to estimate the expected effects of different dietary modifications that can be considered realistic in both developed and developing countries. In developed countries, the main concerns are low energy expenditure and, thus, low energy intakes. To adequately provide for high iron needs, especially in infants, adolescents, and menstruating women, a high nutrient density and a high bioavailability is required. The algorithm can also be used to examine the overall effects of a higher extraction of flour (increasing the intake of both intrinsic phytate and iron) on bioavailability and iron content. It can be used to estimate the expected effects of iron 1 n = 31 healthy men. Absorption was calculated by using the algorithm. The original calculation is based on an iron status corresponding to a reference dose absorption of 40%. For each subject, this absorption was then adjusted to the individual iron status based on the serum ferritin concentration and was compared with the actual observed absorption by using whole-body counting (see text).
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fortification or increased intakes of fruit, vegetables, and meat in the diet. In developing countries, the problems are similar but the knowledge about the chemical composition of foods and its variation is even more limited; for example, knowledge is limited about the contents of phytate and iron binding polyphenols in common foods, including spices and condiments. Evaluation of the expected effects on iron absorption and iron balance resulting from modification of food-preparation methods may also be required. An important use of the algorithm would be to translate physiologic iron requirements into dietary requirements under different dietary conditions known to prevail in a certain population. In the Food and Agriculture Organization/World Health Organization recommendations, 3 levels of bioavailability (5%, 10%, and 15%) were used arbitrarily for this translation (60) . The validity of choices of representative bioavailability values can be tested by using the algorithm. It is obvious from the present results that there is marked variation in the bioavailability of different types of diets in developed countries. The recommended dietary allowances (61) for different groups of subjects with different physiologic iron requirements should, therefore, not be given as single values, but rather as 3-4 values adjusted for different types of diets (eg, vegan or vegetarian, low-meat, and high meat). The algorithm can then be used to make rough estimates of the bioavailability of diets in some groups in the population with different dietary habits. The algorithm may be useful in the future search for realistic recommendations to be used in foodbased strategies to improve iron nutrition in developing countries. However, more knowledge about the composition and properties of diets in developing countries is needed.
In the screening for unknown dietary factors influencing iron absorption, new starting points can be obtained by comparing actual absorption values from a certain meal with absorption values estimated from the content of presently known factors. A significant discrepancy would indicate that some unknown nutritionally important factor is present.
Importance of correct values for the factors included in the algorithm
One problem with the application of the algorithm is limited knowledge about the content of factors such as phytate and iron binding polyphenols in different foods. An extensive report on the phytate content in foods was published previously (62) . Note that even low phytate contents play an important role in the bioavailability of iron, but are often not detectable with the current method used by the Association of Official Analytical Chemists, which was used in that report. A simple modification of the current method of the Association of Official Analytical Chemists was made to determine low phytate contents in foods and was calibrated against HPLC (11) .
Another practical problem in applying the algorithm is the difficulty in estimating the ascorbic acid content in a meal at the time of consumption because cooking times and food-preparation methods markedly influence the final phytate content. In Appendix A, we provide data for some common foods. Appendix A also contains data from our laboratory about the content of total iron and heme iron in different kinds of meat. More detailed food-composition tables are needed. The lack of knowledge of the presence of different factors in different foods is even more obvious when the algorithm is applied to diets in developing countries.
APPENDIX A
Observed iron absorption at a certain iron status adjusted to the absorption expected at another iron status
The relation between log serum ferritin and the reference dose absorption was examined in 1066 subjects in whom an adequate serum ferritin standard had been used in the calibration. In these studies we found that a reference dose of 40% corresponded to a serum ferritin concentration of 23 g/L. Data from a recent study of iron absorption from whole diets in men (n = 31) showed that there is a linear relation between log iron absorption and log serum ferritin (SF) (r 2 = 0.720):
The constant in the equation (2.9251) is valid for a diet with a high bioavailability (1) . The slope of this regression line (0.94) was the same for different diets but the intercept on the y axis varied, implying that different diets are represented by different parallel regression lines. A general formula for such regression equations is as follows:
where C is a constant. This formula assumes that the iron absorption from this diet was as calculated in equation A3 below at an iron status expressed as the SF 1 corresponding to a reference dose absorption of 40%. We know that this reference dose absorption corresponds to a serum ferritin concentration of 23 g/L. Another data pair from the same diet would be used to calculate iron absorption:
To calculate iron absorption from the same diet but at a different SF concentration (SF 2 ) than used in equation A3, the following equation would be used:
Log absorption 2 = (C Ϫ 0.94049) ϫ log SF 2 (A4)
In equations A3 and A4, iron absorption can be expressed as g Fe/kg body wt or as mg. C is eliminated by subtracting equation A3 from equation A4 and the following equation is obtained:
Log absorption 2 Ϫ log absorption 1 = (Ϫ0.94 ϫ log SF 2 ) + (0.94 ϫ log SF 1 )
Log absorption 2 can then be calculated. The equation can be written in a simpler way by an antilog-transformation, which gives the following equation:
Log absorption 2 = log absorption 1
To adjust the iron absorption from a reference dose absorption of 40% to a certain SF concentration, SF 1 is set at 23 µg/L. Log absorption 1 is the observed absorption at this iron status and log absorption 2 is the calculated absorption at the corresponding known SF 2 concentration. 
